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During the past decade semiconductors, metals, and 
magnetic materials, synthesized in form of nanoparticles 
(NPs) , have attracted considerable attention due to their 
novel physical and chemical properties and their large po- 
tential for various industrial applications. Semiconduc- 
tor nanomaterials are promising candidates as building 
blocks of future electronic, optoelectronic, and photonic 
devices [T]. Moreover, they can be widely employed in 
biological and medical applications fT.. NPs with tun- 
able sizes and different shapes have been synthesized by 
the methods of colloidal chemistry pQ [3] . Generally, col- 
loidally synthesized NPs comprise a crystalline core sur- 
rounded with a layer of surfactant molecules. The sur- 
factant molecules (also referred to as " stabilizing agents" 
and "ligands") bind to the NP surface immediately after 
its nucleation and prevent them from fast growth and 
coagulation. The shell of stabilizing agents attached to 
the NP surface also provides solubility of NPs in a de- 
sired solvent which is very important for processing NPs 
[1]. On the other hand, the surfactant molecules can sig- 
nificantly change the NPs properties. For example, they 
can block catalytic surface sites, leading to a dramatic 
decrease of the catalytic activity of transition metal NPs 
[S] . Insulating shells around semiconducting NPs lead to 
very low conductivities of NP films limiting the use of 
NPs in electronic devices and solar cells [Bj. Typically, 
alkyl phosphines and phosphine oxides, long chain alky- 
lamines, and carboxylic and phosphonic acids are used as 
stabilizing agents in NP synthesis. The attempts of com- 
plete removal of these molecules by heating the NP layers 
in vacuum were unsuccessful because of partial destruc- 
tion and carbonization of surfactant molecules at high 
temperatures [7]. There are several reports on chemi- 
cal removal of stabilizing agents, for example, by treat- 
ing semiconducting NPs with sodium hydroxideS or hy- 
drazine 1^. These techniques, although improving the 
electronic properties of semiconducting NPs, do not al- 
low complete removal of stabilizing agents and can only 
be applied to a limited range of materials and surfactants. 

We propose a new type of surfactants, namely, tetra- 
zole derivatives which can be controUably removed from 
the NP surface. Tetrazoles are a peculiar class of hetero- 
cyclic compounds. The presence of four nitrogen atoms 
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R = ethyl (Et), tert-butyl (t-Bu), hexyl (Hex), 
I -adamantyl (Ad), phenyl (Pii) 

Scheme 1: Solution-Phase Synthesis of CdS NPs 
Capped with l-R-5-Thiotetrazoles 



in the tetrazole ring determines their interesting physi- 
cal and chemical properties. Tetrazoles show high ther- 
mal stability below 200° C while decomposing at higher 
temperature with formation of gaseous products and no 
or very little solid residue [10]. Moreover, the tetrazole 
group is known as an important ligand in coordination 
chemistry. Its donor nitrogen atoms can bind to vari- 
ous metal ions leading to stable complexes with diverse 
coordination modes of the heteroring [11] . 

Here, we report the synthesis of CdS NPs capped 
with l-R-5-thiotetrazoles using two different synthetic 
schemes: solution-phase (Scheme 1) and solventless sin- 
gle precursor approaches. In both synthetic procedures 
cadmium thiotetrazolates 1 were used as cadmium pre- 
cursors and sources of surfactant. 

A typical solution-phase synthesis yielding CdS NPs 
capped with thiotetrazoles was carried out under nitro- 
gen using standard Schlenk line technique. The mixture 
of salt 1 (0.25 mmol) and 1,2-dichlorobenzene (25 mL) 
was purged with nitrogen for 15 min and heated to 150 
or 180°C. A solution of thioacetamide (23 mg, 0.3 mmol) 
in DMF (0.2 mL) was injected into the dichloroben- 
zene solution, and the reaction mixture was kept at con- 
stant temperature for 1.5 h. Finally, the solvent was 
evaporated under reduced pressure, and the residue was 
washed with hcxane or acetonitrile, dissolved in chloro- 
form, and filtered through a PTFE 0.2 /im filter. Figure 
la shows transmission electron microscopy (TEM) im- 
ages of monodisperse 3.7 ± 0.3 nm diameter CdS NPs 









25 nm 



3 nm 



FIG. 1: TEM images of CdS NPs as- synthesized by solution-phase approach using l-R-5-thiotetrazolates 1 (a) R 

Et, (h) R = Hex, and (c) R = t-Bu. 
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2: TEM images of CdS NPs as- synthesized by 
solventless thermolysis of cadmium 
l-R-5-thiotetrazolates 1 with (a) R = Ad, (b) R = Et. 



synthesized from cadmium l-ethyl-5-thiotetrazolate at 
150°C. Under heating at 180°C CdS NPs with different 
shapes and sizes are formed depending on the nature of 
substituent R (Table 1). Whereas with R = Et or Ad 
spherical NPs were obtained, R — Hex yields tetrahedral 
NPs with ^8 nm edge (Figure lb). In the case of R = 
f-Bu both spherical and tetrahedral particles were ob- 
tained (Figure Ic). Salt 2 (R = Ph), finally, gives CdS 
NPs, which coalesce into polycrystalline aggregates. 

Solventless synthesis of CdS NPs is based on thermal 
decomposition of single precursors 1 (R = Et, Ad). Syn- 



thesis yielding spherical 2.5 - 3 nm CdS NPs (Figure 2) 
is described as follows. The salt 1 (^10 mg for R = Et or 
~20 mg for R — Ad) was heated under a flow of nitrogen 
to 250° C with a rate of 5°C/min and kept for 1 h (R 
= Et) or 2 h (R = Ad) at 250° C. The obtained yellow 
solid was dissolved in chloroform and filtered. For pu- 
rification the NPs were precipitated with methanol and 
redispersed in chloroform. To our knowledge this is the 
first example of a solventless single precursor synthesis of 
CdS NPs. To date the thermolytic method has proven to 
be successful in producing other nanomaterials, such as 
CuaS [H], NiS Ha, PbS [H], BiaSa [TF, Fe304 [MIIZl, 
Ag [TTl and Bi [IE] using metal alkylthiolates and oleates 
as precursors. 

All above-mentioned NPs belong to cubic phase CdS 
(zinc blende structure) except the NPs synthesized 
from l-tcrtbutyl-5-thiotetrazole whose X-ray diffraction 
(XRD) pattern can be consistently indexed as hexagonal 
wurtzite type CdS phase. The obtained NPs are stable 
in solution under ambient conditions for a few months. 
Their solubility strongly depends on the nature of substi- 
tutent R. NPs with R = Et are very soluble in acetoni- 
trile, slightly in chloroform, and not soluble in hexane. 
In contrast when R = Ad, the NPs are soluble in hexane 
but not soluble in acetonitrile. The absorption spectra 
of the obtained NPs show excitonic features character- 
istic to CdS NPs. Moreover, CdS NPs synthesized by 
the solution-phase approach exhibited weak photolumi- 
nescence. Their emission spectra (Aex = 450 nm) showed 
a broad photoluminescence band with maxima located 
at about 615 - 705 nm depending on substitutent R of 
thiotetrazolate 1. 

The presence of thiotetrazolate anions at the surface 
of NPs is confirmed by IR spectroscopy. All samples 
show the characteristic tetrazole bands. In particular, 
the tetrazole ring stretching vibrations are identified in 
regions 1020 - 1160 cm~^ [IS]. A more careful inspection 
of the spectra shows, however, that relative intensities 



TABLE I: Summary of the CdS NPs obtained using various cadmium precursors 1 



R Size [nml 



Morphology 



NP structure 



Et 4.7 ± 0.6 spherical zinc blende 

Hex 8.5 ± 0.6 tetrahedral zinc blende 

t-Bu 4.8 ± 0.5 tetrahedral and spherical wurtzite 

Ad 2.9 ± 0.3 spherical zinc blende 



Ph 



polycrystalline aggregates zinc blende 
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FIG. 3: TG curves of (a) CdS NPs stabilized with 

l-ethyl-5-thiotetrazole, (h) cadmium 

-ethyl-5-thiotetrazolate, and (c) l-ethyl-5-thiotetrazole. 



and exact peak positions of the tetrazole bands vary for 
the different samples. This finding is understood in terms 
of various coordination modes of thiotetrazolate moiety 
at the surface of NPs. Binding can occur via sulfur or 
nitrogen or by both atoms simultaneously [11] . 
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Cd(SCN)2 »- CdS + CSj + (CN)2 + Nj 



Scheme 2: Thermolysis of Cadmium 
l-R-5-Thiotetrazolates 

Figure 3 shows the thermogravimetric (TG) analysis 
curves of l-ethyl-5-thiotetrazole, the corresponding cad- 
mium salt 1 (R = Et), and the respective NPs obtained 
by solution phase synthesis. Whereas the free ligand de- 
composes at ^150°C, both the cadmium salt and the 
NPs are more stable and decompose at ~240°C. This 
behavior is usual for anionic derivatives of tetrazoles and 
due to higher aromacity of the tetrazolate ring in com- 
parison with neutral tetrazole ring |11| . After heating to 
600° C under nitrogen atmosphere, salt 1 (R = Et) yields 
an orange solid residue. According to XRD this residue 
consists of wurtzite CdS. Moreover, the residual mass af- 



ter the decomposition correlates with the calculated CdS 
content in salts. A possible pathway of the thermal de- 
composition of cadmium thiotetrazolates is depicted in 
Scheme 2. 

The salt 1 undergoes ring fragmentation under forma- 
tion of gaseous organic azide and solid cadmiunr thio- 
cyanate. The intermediate formation of thiocyanate is 
confirmed by presence of i^(CN) bands of this moiety in 
the region 2070 - 2170 cm^^ of IR spectra of CdS NPs 
obtained by thermal decomposition of cadmium 1-ethyl- 
5-thiotetrazolate |20| . In a further step cadmium thio- 
cyanate decomposes leaving only the appropriate sulfides 
as a solid phase f2T] . We can assume the same method of 
thermal decomposition of thiotetazolates in the case of 
NPs and salts 1. It means that theoretically only sulfur 
atoms remain on the surface of NPs after decomposition 
of thiotetrazolate. Actually, heating of powder CdS NPs 
capped with l-ethyl-5-thiotetrazolate at 250-270° C for 
1.5 - 2 h under nitrogen leads to a solid product which is 
insoluble in organic solvents. Moreover, the IR spectrum 
of that solid does not show any absorption in region 600 
- 4000 cm~^ which confirms the complete decomposition 
of the tetrazoles. 

In summary, a facile and simple solution-phase and sol- 
ventless single precursor synthesis of thiotetrazole capped 
CdS NPs was described for the first time. The shape 
of the obtained NPs depends on the nature of the sub- 
stitutent in the surfactant. Conditions for thermal de- 
composition of the surfactant, namely, 1-substituted 5- 
thiotetrazolate anions, on the surface of NPs were found. 
Finally, thiotetrazoles are proposed as a new type of 
surfactants for colloidal synthesis of high quality NPs. 
These surfactants are characterized by low carbon con- 
tent and thermally induced decomposition under forma- 
tion of gaseous products. Further design of tetrazole 
capped NPs and study of their properties can provide 
a solution to the long-standing problem of making ef- 
ficient catalysts and electronic materials using colloidal 
chemistry techniques. 



Acknowledgment 

We gratefully acknowledge the support of the Alexan- 
der von Humboldt Foundation (Research Fellowship of 
Dr. S. Voitekhovich) . 



[1] (a) Trindade, T.; OBrien, P.; Pickett, N. L. Chem. Mater. 
2001, 13, 3843. (b) Matsui, I. J. Chem. Eng. Jpn. 2005, 
38, 535. 

[2] Clostranec, J. M.; Chan, W. C. W. Adv. Mater. 2006, 
45, 1953. 

[3] Jun, Y.-V.; Choi, J.-S.; Cheon, J. Angew. Chem., Int. 
Ed. 2006, 45, 3414. 

[4] Gaponik, N.; Talapin, D. V.; Rogach, A. L.; Kornowski, 
A.; EychmuUer, A.; Weller, H. Nano Lett. 2002, 2, 803. 

[5] Rioux, R. M.; Song, H.; Grass, M.; Habas, S.; Niesz, K.; 
Hoefelmeyer, J. D.; Yang, P.; Somorjai, G. A. Top. Catal. 
2006, 39, 167. 

[6] (a) Morgan, N. Y.; Leatherdale, C. A.; Drndiae, M.; 
Jarosz, M. V.; Kastner, M. A.; Bawendi, M. G. Phys. 
ReV. B 2002, 66, 075339. (b) Drndiae, M.; Jarosz, M. 
v.; Morgan, N. Y.; Kastner, M. A.; Bawendi, M. G. J. 
Appl. Phys. 2002, 92, 7498. 

[7] (a) Kuno, M.; Lee, J. K.; Dabbousi, B. O.; Mikulec, F. 
v.; Bawendi, M. G. J. Chem. Phys. 1997, 106, 9869. (b) 
Ridley, B. R.; Nivi, B.; Jacobson, J. M. Science 1999, 
286, 746. 

[8] Jarosz, M. B.; Porter, V. J.; Fisher, B. R.; Kastner, M. 
A.; Bawendi, M. G. Phys. Rev. B 2004, 70, 195327. 

[9] Talapin, D. V.; Murray, C. B. Science 2005, 310, 86. 
[10] (a) Butler, R. N. In Comprehensive Heterocyclic Chem- 
istry; Katrizky, A. R., Rees, C. W., Scriven, E. F. V., 
Eds.; Pergamon: New York, 1996; Vol. 4, p 621. (b) 
Meier, H. R.; Heimgartner, H. In Methoden der Organis- 
che Chemie (Houben-Weyl); Schumann, E., Ed.; George 
Thieme: Stuttgart, Germany, 1994; Vol. E8d, p 664. (c) 
Lesnikovich, A. I.; Levchik, S. V.; Balabanovich, A. I.; 
Ivashkevich, O. A.; Gaponik, P. N. Thermochim. Acta 
1992, 200, 427. 
[11] Gaponik, P. N.; Voitekhovich, S. V.; Ivashkevich, O. A. 

Russ. Chem. Rev. 2006, 75, 507. 
[12] Sigman, M. B., Jr.; Ghezelbash, A.; Hanrath, T.; Saun- 
ders, A. E.; Lee, F.; Korgel, B. A. J. Am. Chem. Soc. 

2003, 125, 16050. 

[13] Ghezelbash, A.; Sigman, M. B.; Korgel, B. A. Nano Lett. 

2004, 4, 537. 

[14] Chen, J.; Chen, L.; Wu, L.-M. Inorg. Chem. 2007, 46, 

8038. 
[15] Sigman, M. B.; Korgel, B. A. Chem. Mater. 2005, 17, 

1655. 
[16] Cha, H. G.; Lee, D. K.; Kim, Y. H.; Kim, C. W.; Lee, C. 

S.; Kang, Y. S. Inorg. Chem. 2008, 47, 121. 
[17] Chen, Y.-B.; Chen, L.; Wu, L.-M. Inorg. Chem. 2005, 44, 

9817. 
[18] Chen, J.; Wu, L.-M.; Chen, L. Inorg. Chom. 2007, 46, 

586. 
[19] (a) SagmuUer, B.; Freunscht, P.; Schneider, S. J. Mol. 

Struct. 1999, 482-483, 231. (b) Gomez-Zavaglia, A.; 

Reva, I. D.; Frija, L.; Cristiano, M. L.; Fausto, R. J. 

Mol. Struct. 2006, 786, 182. 
[20] Goel, R. G. Spectrochim. Acta 1981, 37A, 557. 
[21] Gunasekaran, S.; Ponnusamy, S. Cryst. Res. Technol. 

2006, 41, 130. 



